HNK-1 carbohydrate is highly expressed in the nervous system and is involved in higher-order brain functions such as learning and memory. HNK-1 has a unique structure with sulfated glucuronic acid attached to the non-reducing end of N-acetyllactosamine (HSO 3 -3GlcAβ1-3Galβ1-4GlcNAc-). Two glucuronyltransferases and a sulfotransferase play key roles in its biosynthesis. We focused on how these enzyme activities are regulated in terms of HNK-1 expression. We revealed that the transferases form a hetero-complex for the efficient biosynthesis and that the activity is regulated by well-controlled intracellular localization. These facts indicate that HNK-1 expression is strictly regulated through multiple control mechanisms of the biosynthetic enzyme activity.
A. Introduction
The functions of glycans are difficult to analyze because of their structural diversity. For example, even if we focus on one glycoprotein molecule, its glycan structure is dynamically changed by many factors such as extracellular stimuli, development, differentiation or disease progression. This structural diversity is based on the complicated expression mechanism of glycans. There are many key determinant factors involved in glycan biosynthesis such as glycosyltransferase, glycosidase and sugar-nucleotide (1) . Each glycosyltransferase has unique features which make it difficult to estimate the glycan structure only from its expression level including the existence of a homologous enzyme, protein substrate selectivity or branch specificity. Recent studies have revealed regulation mechanisms of glycosyltransferase activity except for expression level such as enzyme-complex formation (2), shedding (3) or oligomerization (4) . Therefore, understanding the regulation mechanisms of enzyme activity will help to elucidate wellorganized glycan expression process in cells.
We have been studying on HNK-1 (Human Natural Killer-1) carbohydrate. This glycan epitope, comprising a unique trisaccharide structure with terminal sulfated glucuronic acid (Fig. 1) , is highly expressed in the developing brain (5) . Intriguingly, HNK-1 is attached to the limited kinds of carrier molecules including NCAM, MAG and AMPA-type glutamate receptor (GluR2) (6) . Two glucuronyltransferases (GlcAT-P, GlcAT-S) and a sulfotransferase (HNK-1ST) are involved in its biosynthesis (7), and our previous study using knockout mice revealed that GlcAT-P is the main enzyme for HNK-1 biosynthesis (8) . Analysis of these mutant mice also demonstrated that HNK-1 plays important roles in higher-order brain functions including synaptic plasticity and maturation of dendritic spine (8, 9) .
In this study, we investigated the regulatory mechanisms of the activity of the biosynthetic enzymes, leading to the elucidation of the HNK-1 expression mechanism. As a result, we revealed that enzyme-complex formation and control of subcellular localization were novel regulation mechanisms in the control of HNK-1 carbohydrate expression.
B. Complex Formation of Transferases
HNK-1 consists of a sulfated trisaccharide, which is sequentially biosynthesized by the different kinds of transferases (two glucuronyltransferase and a sulfotransferase). To date, however, almost all the structures of HNK-1 reported are sulfated, suggesting that HNK-1ST transfers the sulfate group to most glycans which have been glucuronylated by GlcAT-P (S).
Based on this fact, we hypothesized that GlcAT-P (S) is associated with HNK-1ST during the sequential biosynthesis. Both these enzymes expressed in mammalian cells were coimmunoprecipitated, revealing that GlcAT-P (S) interacts with HNK-1ST in cells ( Fig. 2) (10) . To the contrary, these enzymes were not co-precipitated with other transferases which are irrelevant to HNK-1 synthesis such as a sialyltransferase or a chondroitin-sulfotransferase, indicating that the HNK-1-related enzymes form a specific complex. Functionally, we showed that mixing GlcAT-P (S) and HNK-1ST in vitro increased the activity of HNK-1ST approximately 2-fold but not that of GlcATs (Fig. 3) . These results suggest that the complex formation contributes to efficient biosynthesis of HNK-1 carbohydrate.
C. GlcAT-P isoforms with Different Biosynthetic Activity
Most glycosyltransferases including GlcAT-P are type-II membrane proteins which orient their short N-terminal regions to the cytosol and their large catalytic domains to the luminal side of the ER or Golgi (11) . It is evident that the N-terminal cytoplasmic tail can play a pivotal role in the regulation of the subcellular localization of the glycosyltransferase (12, 13) . Glycosyltransferase cannot function properly without its appropriate localization where it can interact with its substrate. Therefore, it is important to analyze the localization mechanisms mediated by the cytoplasmic tail to understand the expression mechanism of glycans.
We previously reported that GlcAT-P has two isoforms differing only in their cytoplasmic tail length (the long form has an additional 13 amino acids, called P-N13 hereafter) (14) , but it was unclear why the two forms exist. Therefore, we focused on the two isoforms to examine the roles of the cytoplamic tail of GlcAT-P.
First, the two isoforms were expressed in mammalian cells to check the expression levels of the product HNK-1, and we found that the shorter isoform exhibited significantly higher biosynthetic activity (Fig. 4A) (15) . On the contrary, as expected by the same catalytic domains, the two isoforms exhibited comparable specific activity in vitro (Fig. 4B) .
Next, we examined their subcellular localization and we revealed that the longer isoform is localized mainly in the Golgi and partly in the ER, while the shorter one is localized strictly in the Golgi (Fig. 4C ). GlcAT-P cannot serve as a functional enzyme in the ER because it modifies the end of complex-type glycans. Based on these results, we speculated that the difference in localization was the cause of the distinct biosynthetic activity.
Considering the mechanism underlying the different subcellular localization, we focused on the dibasic motif of GlcAT-P. This motif in the cytoplasmic tail is directly recognized by Sar1 which is one of the COPII vesicle components and this binding plays an important role in the transport of glycosyltransferases from the ER to the Golgi (12). Since P-N13 is present close to this motif, we hypothesized that P-N13 interferes with this transport process to retain some population of the long isoform in the ER. Actually, we demonstrated that the motif is essential for the Golgi localization of GlcAT-P and that P-N13 weakened the binding of Sar1 to the motif (Fig. 5) . These results suggest that the presence of P-N13 controls the intracellular transport of GlcAT-P via Sar-1 binding, leading to the regulation of the biosynthetic activity.
D. Concluding Remarks
As shown in this study, the regulation mechanism of intracellular activity of HNK-1-related enzymes is complicated. Recently, it was shown that the inner N-acetyllactosamine of HNK-1 is predominantly biosynthesized by β4GalT-II in the brain (16) . However, it is still unclear as to the degree the enzyme complex contributes to the biosynthesis in the brain or how the two isoforms are separately used in the brain, corresponding to a biologically significant event such as regulation of neural plasticity. Further studies are needed to answer these questions and to elucidate the regulatory mechanisms of other glycosyltransferases. Fc-tagged lGlcAT-P, sGlcAT-P, or P-AAA (mutant GlcAT-P lacking the dibasic motif) expression plasmid, or the empty plasmid (mock). Cells were lysed and incubated with recombinant T7 tagged-Sar1, followed by incubation with Protein G beads. The lysate mixture before precipitation (left panels) and the proteins precipitated with the beads (right panels) were Western blotted with anti-human IgG-Fc pAb (upper panels) or anti-T7 mAb (lower panels). This figure was modified from Kizuka et al. J. Biol. Chem. (2009) 
